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Abstract: Arrival of magma from depth into shallow reservoirs has been documented as one of the
possible processes leading to eruption. Magma intruding and rising to the surface interacts with the
already emplaced, degassed magmas residing at shallower depths, leaving chemical signatures in
the erupted products.We performed two-dimensional numerical simulations of the arrival of gas-
rich magmas into shallow reservoirs. We solve the fluid dynamics for the two interacting magmas,
evaluating the space–time evolution of the physical properties of the mixture.
Convection and mingling develop quickly into the chamber and feeding conduit/dyke, leading
on longer timescales to a density stratification with the lighter, gas-richer magma, mixed with
different proportions of the resident magma, rising to the top of the chamber due to buoyancy.
Over timescales of hours, the magmas in the reservoir appear to have mingled throughout, and
convective patterns become harder to identify.
Our simulations have been performed changing the geometry of the shallow reservoir and
the gas content of the initial end-member magmas. Horizontally elongated magma chambers, as
well as higher density contrasts between the two magmas, cause faster ascent velocities and also
increase the mixing efficiency.
Supplementary material:Q2 Videos showing the evolution of magma composition with time in the
shallow chamber for simulations 1–4 are available at www.geolsoc.org.uk/SUP00000.
One of the main processes characterizing the mag-
matic feeding systems at active volcanoes is the
interaction between magmas of different chemical
compositions. A typical scenario is that of a primi-
tive, volatile-rich, hot magma rising from depth
and intercepting on its way upwards an already
established, volatile-poor, more evolved batch of
stalling magma (Ewart et al. 1991). Indeed, the
two magmas typically differ not only composition-
ally but also in terms of volatile content, and their
temperatures can also be appreciably different.
Such general scenario can have a variety of declina-
tions, depending on the specific setting and physico-
chemical characteristics of the magmatic mixtures
involved. The shallowmagma can be highly crystal-
line, a mush, that can be rejuvenated by the heat
from the incoming component (Bachmann & Ber-
gantz 2008); or, at the other end, it can still be hot
and more fluidal, especially if injection episodes are
frequent (Voight et al. 2010), giving rise to mixing
and mingling phenomena (Longo et al. 2012b).
Depending on the timescales of the processes
and on the thermal conditions of the magmatic
system, the two magmas can interact on a purely
physical basis, in which case the term ‘mingling’
is used to describe their mechanical mixing; or
they can have a chemical exchange, by which their
original compositions are modified, in which case
the proper term defining the process is ‘mixing’
(e.g. Flinders & Clemens 1996).
In recent years, the importance of magmamixing
and mingling processes has been recognized more
and more widely (Perugini & Poli 2012). Mixing
has been identified as one of the major processes
generating the diversity of igneous rocks (e.g. Ber-
gantz 2000), and it has often been invoked as an
eruption trigger (Arienzo et al. 2010). Evidence of
mingling andmixing has been found in eruptive pro-
ducts in many different settings, such as calderas
(Arienzo et al. 2010; Druitt et al. 2012), basaltic
shield volcanoes (Sigmarsson et al. 2005) and stra-
tovolcanoes (Wiesmaier et al. 2013). Previous stud-
ies regarding magma mixing phenomena have
mostly tackled the petrological and geochemical
issues, with the aim of identifying parent magmas
using compositional patterns (Moune et al. 2012);
more recently, experimental studies have been per-
formed in order to reproduce mixing patterns and
characteristics in detail, and determine the behav-
iour of the different chemical species involved
(Morgavi et al. 2013). Chaotic dynamics have
been documented both in experimental and natural
samples (Petrelli et al. 2011), and the morphology
of mixing/mingling patterns has been linked to
the time evolution of the feeding systems (Perugini
et al. 2010).
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This paper presents results obtained from
numerical simulations of the arrival of primitive,
gas-rich magma into a shallow reservoir, containing
more evolved, degassed magma with a different
composition. Patterns of convection and mingling
emerge as a distinctive outcome of magma-injection
processes, and they are effective on timescales of
hours to days. The properties of the system, particu-
larly geometry and volatile content, appreciably
influence the efficiency and duration of the mechan-
ical mixing process.
The physical model
The magmatic system
The focus of this work is the fluid dynamics of
shallow magma chamber replenishment; specifi-
cally, the quantification of the mechanical mixing
processes that occur between magmatic mixtures
with different oxides compositions and volatile
content. We refer, as an archetypal case, to the Phle-
graean Fields magmatic system, where seismic
imaging and attenuation tomographies have ident-
ified a huge (probably around 10 km wide) magma
reservoir at a depth of around 8 km (Zollo et al.
2008; De Siena et al. 2010), while a variety of geo-
physical and geochemical evidence suggests that
smaller (probably less than 1 km3), shallower
batches of magma have been forming throughout
the caldera history at virtually any depth less than
9 km (Arienzo et al. 2010; Di Renzo et al. 2011).
These shallow magma bodies have been identified
as actively involved in past eruptions, which, at
least in some cases, shortly followed the arrival
of volatile-rich, less differentiated magmas from
the deep feeding system (Arienzo et al. 2009;
Fourmentraux et al. 2012). Chemical compositions
of erupted magmas range from shoshonitic to tra-
chytic to phonolitic; geochemical analyses on melt
inclusions suggest a variety of processes contrib-
uting to this variability, such as recharge from
depth, intra-chamber mixing and syn-eruptive min-
gling (Arienzo et al. 2010; Fourmentraux et al.
2012). The same analyses show that deep magmas
are typically rich in gas, especially CO2 (Mangiaca-
pra et al. 2008).
To study the magmatic dynamics occurring as a
consequence of a recharge event, we simplify the
magmatic system retaining its most peculiar fea-
tures. We model the injection of CO2-rich shoshoni-
tic magma coming from a deep reservoir into a
shallower, much smaller chamber, containing more
evolved and partially degassed phonolitic magma;
the two chambers are connected by a dyke. Deal-
ing with its aperture and propagation is beyond the
scope of this paper, thus we assume that the
magma of deep provenance is able to find a way
to shallower depths (e.g. Lister & Kerr 1991).
The set-up
Figure 1 shows the system domain for the numeri-
cal simulations. We assume one of the horizontal
dimensions of the magmatic system to be much
larger than the other, so that our domain is two-
dimensional (2D). The deep chamber is elliptical,
1 km thick and 8 km wide; its top is at a depth of
8 km. The geometry of the shallow chamber has
been varied, as shown in Figure 1, keeping its sur-
face area fixed. In the elliptical cases, the semi-axes
measure 400 and 800 m, respectively, while the cir-
cular chamber has a radius of 283 m.
The initial condition of the system is also shown
in Figure 1. The shallow chamber hosts a differen-
tiated, volatile-poor phonolitic magma. The volatile
content varied from 0.3 wt% CO2 and 2.5 wt% H2O
to 0.1 wt%CO2 and 1 wt%H2O. In the feeding dyke
and deep reservoir is a less evolved, basaltic shosho-
nite, containing 1 wt%CO2 and 2 wt%H2O. Table 1
lists the oxide content of the two magmas. Volatile
partitioning between the gaseous and liquid phases
is computed following Papale et al. (2006) as a func-
tion of composition and pressure. Pressure at time
0 consists of a depth-dependent magmastatic contri-
bution superimposed onto the host-rock confining
pressure. The interface between the two magmas,
at the inlet of the shallow chamber, is gravitationally
unstable, the lower magma being less dense owing
to its higher gas content. To start the dynamics, the
interface itself is not horizontal, but has a sinusoidal
profile. The dynamics is solely driven by buoyancy,
without any external forcing. Density contrasts
at the interface vary for each simulated scenario as
they depend both on volatile content and their parti-
tioning between the liquid and gaseous phases. Vol-
atile exsolution, in turn, depends on pressure, and
thus on the depth at which the interface is placed,
which is different for each geometry of the shallow
chamber (Fig. 1). Table 2 summarizes the condi-
tions for each of the simulation runs. Tempera-
ture differences between interacting magmas are
often negligible (Sparks et al. 1977), particularly
at Phlegraean Fields (Mangiacapra et al. 2008),
thus the system is assumed to be isothermal. As a
result, there is no need to speculate on the thermal
status of the surrounding rock, thus reducing
model uncertainties.
Mathematical formulation
Interaction between the two magmas develops as a
consequence of the initial gravitational instability
at the interface. We solve numerically the 2D
space–time evolution of the system, consisting of
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a mixture of two different magmatic components,
each of them including a liquid (melt) and a gase-
ous (exsolved volatiles) fractions. The equations
of motion for the mixture express conservation of
mass for each component (k ¼ 1, 2) and momentum
for the whole mixture (Longo et al. 2012a):
∂(ryk)
∂t
+∇(ruyk)=−∇(rDk∇yk)
∑
k
yk = 1 (1)
∂(ru)
∂t
+ u∇(ru)
= −∇p+∇ m ∇u+ (∇u)T − 2
3
∇u
[ ]{ }
+ rg.
(2)
In the above, t is time, r is the mixture density, yk
is the mass fraction of component k, u is the fluid
velocity, Dk is the k-th coefficient of mass diffusion,
p is pressure, m is viscosity and g is gravity
acceleration.
The magmatic mixture is considered ideal. Its
density is evaluated as the weighted sum of the
components’ densities; for each component, den-
sity is calculated using the non-ideal Lange (1994)
equation of state for the liquid phase, real gas prop-
erties and ideal mixture laws for multiphase
fluids. Mixture viscosity (under the assumption of
Newtonian rheology) is computed through standard
rules of mixing (Reid et al. 1977) for one-phase
mixtures and with a semi-empirical relationship
(Ishii & Zuber 1979) in order to account for the
effect of non-deformable gas bubbles. Liquid vis-
cosity is modelled as in Giordano et al. (2008),
and it depends on liquid composition and dissolved
water content. The generalized Fick’s law is used to
describe mass diffusion (Taylor & Krishna 1993).
Volatile partitioning between the gaseous and
liquid phases is evaluated at every point in the
space–time domain as a function of the mixture
Fig. 1.
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Initial conditions for the numerical simulations of magma fluid dynamics. On the left, the whole domain is
shown. On the right, the upper portion of the domain, indicated by the black rectangle, is zoomed in to show the three
different geometries explored.
Table 1. Major oxide compositions for the two end-member magmas
SiO2 TiO2 AlO2 Fe2O3 FeO MnO MgO CaO Na2O K2O
Shoshonite 0.48 0.012 0.16 0.021 0.063 0.0014 0.10 0.12 0.028 0.015
Phonolite 0.54 0.0060 0.20 0.016 0.032 0.0014 0.017 0.068 0.047 0.079
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composition and pressure, as in Papale et al. (2006).
All of the physical properties of the two magmas are
evaluated at every point in the space–time domain
depending on the local conditions of pressure, vel-
ocity and mass fractions, which are the unknowns
in equations (1) and (2). The equations are solved
numerically using GALES, a finite-element C++
code specifically designed for volcanic fluid dynam-
ics (Longo et al. 2012a).
Convection and mingling
The evolution in space and time of the system is
complex and presents a number of interesting fea-
tures. Figure 2 summarizes the results regarding
magma dynamics, showing the evolution of compo-
sition with time in the shallow chamber for the five
different simulation scenarios.
The initial inverse density contrast at the contact
interface between the two magmas gives rise to con-
vective mass transfer from the deeper parts of the
system to shallower depths, and vice versa. The
unstable density contrast is solely due to the differ-
ent volatile content of the two mixtures: the shosho-
nitic melt has, indeed, a higher density than the
phonolitic. The role played by volatiles is crucial,
and it is the exsolved gases that ultimately deter-
mine the buoyant dynamics (Ruprecht et al. 2008).
A Rayleigh–Taylor instability develops (Chandra-
sekhar 2013), which acts to bring the system to grav-
itational equilibrium by overturning it: a mechanism
similar to what has been invoked as an eruption
trigger as a consequence of chamber rejuvenation
(Bain et al. 2013). The instability develops starting
from the perturbed interface, with a first plume of
light material that rises into the chamber. Depending
on the initial density contrast, as well as on the geo-
metry of the shallow chamber, the initial plume
starts developing at different times, as recorded in
Table 2. The dynamics is strongly enhanced by
higher density contrasts; geometry also plays an
important role when density contrasts are similar
(simulations 1–3, 4 and 5), with horizontally
elongated, sill-like chambers favouring convection
with respect to more dyke-like set-ups (see also
Figs 2 & 4 Q4).
Plumes of light magma coming from depth keep
entering the shallow reservoir as discrete filaments,
following irregular trajectories and showing typical
convective patterns. The lighter material tends to
rise into the chamber, thereby decreasing more and
more its density as volatiles exsolve in the lower-
pressure environments. However, the denser mag-
matic mixture initially residing in the chamber sinks
into the feeder dyke, increasing its density by the
reverse process of volatile dissolution at higher pres-
sures. The plumes thus progressively increase their
buoyancy, enhancing their expansion and accel-
eration. During the rise, vortexes form at the head
of the plumes and subsequent plumes interact with
themselves, further favouring mixing. The dyna-
mics create complicated patterns that maximize
the interaction between the two different magmatic
mixtures (Petrelli et al. 2011). Mingling is evident
for all simulated conditions both within the cham-
ber itself and even more in the feeding dyke, and
it is strongly intensified by the chaotic patterns that
form as a consequence of deep magma injection.
Independent of system geometry or density con-
trast at the interface, mingling is very efficient in the
feeding dyke, more than inside the upper chamber.
Figure 2 shows that, since the very beginning of
the simulations, the magma entering the chamber is
already a mixture of the two initial end members,
and not the pure shoshonitic composition.
As the dynamics proceed, faster for higher-
density contrasts and sill-like set-ups, the gas-rich
mixture tends to accumulate at the top of the cham-
ber, thereby originating a stable density stratifica-
tion that has, indeed, been demonstrated in various
magmatic systems (Arienzo et al. 2009). The strati-
fication is more prominent in vertically elongated,
dyke-like reservoirs (Fig. 2). The density profile
along the vertical direction, evaluated averaging
along horizontal planes (Fig. 3), illustrates that a
quasi-stable profile is reached after some hours of
simulated time.
Table 2. List of simulations and their initial conditions; start time of the convective dynamics
Simulation CO2
shoshonite
(wt%)
CO2
phonolite
(wt%)
H2O
shoshonite
(wt%)
H2O
phonolite
(wt%)
Geometry of the
shallow chamber
Density contrast at
initial interface
(kg m23)
First
plume
(s)
1 1 0.3 2 2.5 Horizontal 30 10
2 1 0.3 2 2.5 Vertical 20 330
3 1 0.3 2 2.5 Circular 25 220
4 1 0.1 2 1 Horizontal 120 10
5 1 0.1 2 1 Vertical 100 100
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As time proceeds, convection slows down due to
the smaller buoyancy of the incoming mixed com-
ponent, and the instability proceeds asymptotically
with time: the more the two end members have
mingled, the less intense is convection. A time-
dependent ‘convection efficiency’, hC, can be
Fig. 2.
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hardcopy
Snapshots
Q7
of the variation in composition with time in the shallower parts of the system for the different
simulations. Columns correspond to the different simulations (simuations 1–5); rows correspond to the different times,
respectively, t ¼ 1, 3 and 5 h. Q3
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Fig. 3. Total mixture density averaged over horizontal planes as a function of depth for simulation 1, at different times.
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defined as:
hC =
|mR(t)− mR(0)|
mR(0)
. (3)
It represents the relative variation of the mass
of the initially resident magma (mR) in a certain
region of the domain. Figures 4 and 5 show the time
evolution of convection efficiency in the shallow
chamber and in the dyke. They confirm that a
higher-density contrast, as well as horizontally
elongated geometries, favour convection and mix-
ing, speeding up the processes. They also highlight
that the dynamics do not start instantaneously at
time 0, but at different times depending on the sys-
tem conditions (Table 2). The first part of all the
curves is, indeed, flat, indicating no mass exchange
between the different regions of the domain.
The lower parts of the system are not involved in
the system dynamics by the end of theQ5 simulated
time (c. 6–8 h), thus we cannot comment on the
evolution in those regions.
Figures 4 and 5 clearly show that mingling is
very effective over relatively short timescales, of
the order of hours. In the more vigorous cases, when
buoyancy drives faster dynamics, more than 40% of
the original end-member magmas have mingled in
the feeder dyke within 4 h of the arrival of the
gas-rich magma from depth. The asymptotic behav-
iour seems to be reached earlier in less efficient
set-ups: after 4–5 h from the onset of the instability,
the system seems to reach a quasi-steady state. In
these cases (simulations 1–3), a much smaller pro-
portion of the two magmas has mingled, around
10–20%.
In the final stages, the two magmas have become
very efficiently mixed throughout; therefore, it is
harder to identify convective patterns and rising
plumes as the overall dynamics reach a quasi-steady
state (Fig. 1).
Discussion
Some important simplifying assumptions have
inevitably been made to obtain the results presented
above. Nonetheless, some general remarks can be
extracted that might provide insights into generic
magmatic processes.
One of the most important issues is that only
mechanical mixing is taken into account. To this
regard, it must be pointed out that at these time-
scales, chemical interactions between different
magmas occur on length scales that are very small
compared to the size of the system described here
(Morgavi et al. 2013). This brings about a consider-
able technical issue if we are to describe chemical
mixing in detail: the much smaller numerical grid
size requested would imply a much higher compu-
tational effort, which is not sustainable within the
scope of this work. The grid size for the simulations
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Fig. 4. Variation in convection efficiency with time for the different simulated scenarios in the shallow chamber.
Higher density contrasts and sill-like reservoirs allow for higher convection efficiency.
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described above ranges from 20 cm to 10 m depend-
ing on the dynamical behaviour of the different
domain areas. This results in order 105 computa-
tional elements, which is at the limit of our present
computational capabilities. Neglecting chemical
exchange between the two end members is accepta-
ble at the length scales that the study is exploring in
detail, which is the decameter-size scale of the over-
all reservoir convective dynamics. Further studies
are planned to specifically address the chemical
interaction occurring as mingling proceeds, to be
carried out on much smaller domains. The large-
scale dynamics are in very good agreement with
the experimental results obtained on similar sys-
tems (Morgavi et al. 2013), providing good confi-
dence in their validity.
Bi-dimensionality of the system has been as-
sumed mainly to keep computational efforts afford-
able. Extension to full 3D systems should not bring
about any substantial difference in the convective
patterns observed, given the short timescale of our
simulations and the low numerical noise. The third
dimension would give rise to different dominant
modes of the Rayleigh–Taylor instability (Ribe
1998), thus possibly modifying (either increasing
or decreasing, depending on the amplitude of the
initial perturbation) the efficiency of transport, but
not substantially (Kaus & Podladchikov 2001).
The magmatic compositions used as end mem-
bers for the simulations are quite similar (Table 1),
and they both have quite low viscosities, even when
including the effect of gas bubbles. They range
from 500 Pa s in the deeper parts of the system,
where most volatiles are dissolved, to 3500 Pa s in
the shallow chamber for simulations 4 and 5 where
the volatile content is higher and, thus, more bubbles
form in the upper region of the domain. As stated in
the earlier subsection on ‘The magmatic system’,
these conditions apply to typical Phlegraean Fields
eruptions (Mangiacapra et al. 2008). Other volcanic
settings show mingling and mixing between mag-
mas that have very different compositions, often
involving rhyolites that are also characterized by
much higher viscosities (Morgavi et al. 2013) and
resulting in a higher viscosity contrast between the
two magmas. Viscosity contrast has been demon-
strated to play an important role in determining
mixing efficiency; nonetheless, the main features
of the dynamical processes remain the same as
described here (Jellinek et al. 1999). The dynamics
proceed slightly faster and mingling is more effi-
cient when the viscosity contrast is not extreme, as
in the cases considered in this work. For com-
positionally very different magmas, mixing is thus
expected to be slightly slower and less efficient.
The assumption of an isothermal system stems
from the specific case of Phlegraean Fields: as inter-
acting magmas are so similar in composition, they
were also found from melt-inclusion data to have
very similar temperatures (Mangiacapra et al. 2008).
Moreover, thermal exchange is expected to be very
limited in the relatively short (hours) timescales
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Fig. 5. Variation in convection efficiency with time for the different simulated scenarios in the dyke region.
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over which our simulations develop. Beyond the
specific case of Phlegraean Fields, temperature
differences between magmas involved in convec-
tion and mixing have often been found to be smal-
ler than 10% (Sparks et al. 1977). The thermal
state of the shallowly emplaced magma does play
an important role (see the introduction to this paper)
in determining the overall dynamics of the sys-
tem. If it is much cooler (hundreds of K) than the
intruding component, and thus largely crystallized,
the dynamics would develop in completely differ-
ent ways (Bain et al. 2013): the dyke could rise
through the crystal mush and spread out on top of
it, causing a gravitational instability as it degasses,
and slowly reheating the underlying material. None-
theless, such a scenario could still possibly cause,
over much longer timescales (years to tens of years),
buoyant mixing and overturn (Bachmann & Ber-
gantz 2008; Druitt et al. 2012). The isothermal
assumption reduces the computational challenges,
and removes speculationQ6 on the thermal status of
the rock surrounding the magmatic system.
As mentioned in the introduction, the issues
related to dyke propagation and injection are not
dealt with in detail. A propagating dyke is character-
ized by a relatively low (order of 106 Pa) magma
overpressurization at the tip (Lister 1990), which
could act as a trigger for gravitational instability
as it intercepts a magmatic body (Eichelberger &
Izbekov 2000), giving rise to the buoyant dynamics
described here. Short trial simulations with an
overpressure imposed to the rising magma show no
substantial difference in terms of the evolution
of the system, as described here. The destabilizing
interface perturbation acting as a trigger has a wave-
length of 40 m, double the thickness of the dyke, and
an arbitrary amplitude of 6 m. This configuration
aims at reproducing the tip of a propagating dyke.
Trial simulations performed with a flat interface
show that the system becomes destabilized num-
erically, but takes much longer. As the focus of
our discussion is on howmagma chamber properties
(specifically, geometry and volatile content) affect
the dynamical evolution, the trigger mechanism
has been kept as simple and effective as possible.
Field and geophysical observations do not pro-
vide unique constraints (Woo & Kilburn 2010) on
the possible thickness of the intruding dyke. It has
been set to 20 m in order to avoid issues with freez-
ing (Rubin 1993). Apart from issues with closing, a
much smaller dyke (an order of magnitude) would
have drastically reduced the efficiency of transport
owing to the highly increased viscous resistance
from the walls, where a no-slip boundary condition
is imposed.
Notably, the results obtained in this work are
in remarkable agreement with previous field and
experimental studies on magma mingling and
mixing (Petrelli et al. 2011; Morgavi et al. 2013),
both in terms of the chaotic features of the convec-
tive dynamics and the timescales for the mingling
process, specifically at Phlegraean Fields (Perugini
et al. 2010). The strength of the study presented
here is that, contrary to what can be achieved in
the field and laboratory, the large-scale character-
istics of the natural system can be retained, thus
extending and consolidating the value of the results
obtained on smaller samples.
Concluding remarks
The arrival of freshmagma into an already emplaced
reservoir and the consequent internal dynamics
have often been invoked as possible eruption trig-
gers, especially at Phlegraean Fields (Arienzo et al.
2010). The results presented in this work clearly
show that the timescales for mechanical mixing
processes to be effective in magmatic reservoirs
can be relatively short, of the order of hours. This
is consistent with what has been observed from the
analyses of erupted products (Fourmentraux et al.
2012), as well as from experiments on diffusive
fractionation (Perugini et al. 2010), and opens up a
completely new perspective in terms of eruption
timings. Indications of mixing in erupted products
suggest that recharge events can occur within a
very short time frame from eruption, otherwise
the evidence would be wiped out by the efficient
mixing process.
Longo et al. (2012b) have shown that convec-
tive mingling dynamics in magmatic reservoirs is
associated with ultra-long-period seismic signals,
characterized by frequencies in the range 1022–
1024 Hz. Given the short timescales over which
the aforementioned processes can be effective and
lead to eruption, it would be beneficial to be able
to routinely detect such signals for eruption fore-
casting and mitigation actions. This is especially
true for long-dormant volcanoes such as Phlegraean
Fields, one of the highest-risk volcanic areas in the
world given the large population living within the
caldera borders (Arienzo et al. 2010), for which
there is still no widely accepted means of discrimi-
nating the precursors of an impending eruption
(Druitt et al. 2012).
This work has received funds from the European Union’s
Seventh Programme for research, technological develop-
ment and demonstration under grant agreement numbers
282769 VUELCO and 308665 MED-SUV, and from the
Italian DPC-INGV V2 project.
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